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Introduction 


The  goal  of  this  DARPA/AFOSR  program  was  to  apply  selective  processing  techniques 
developed  at  Columbia  to  the  fabrication  of  specific  device  stmctures  for  both  integrated  optical  and 
microelectronic  devices  and  systems.  Two  technology  areas  were  addressed:  a)  new  techniques 
appropriate  for  processing  sensitive  MQW  devices,  and  b)  fabrication  of  integrated  optical  devices 
and  circuits.  A  key  aspect  of  this  work  has  been  collaborations  with  other  industrial  and  university 
partners.  Our  industrial  partners  have  included  Ray  Wolfe  at  AT&T,  Paul  Lin  at  Bellcore,  Frank 
Tong  at  IBM,  Jim  Yardley  at  Allied  Signal,  and  Bill  Hooper  at  Hughes  Research  Laboratories. 

The  report  is  organized  so  as  to  address  the  following  research  areas:  Processing  for 
Integrated  Optical  Devices  and  Technology,  Writing  Technology,  and  Processing  for  Ultra  Devices. 


I.  Processing  for  Integrated  Optical  Devices  and  Technology 
A.  Channel  Dropping  Filter 

In  the  previous  DARPA/AFOSR  program,  we  succeeded  in  developing  a  direct-etch 
fabrication  technology  suitable  for  rapid  prototyping  of  passive  and  active  integrated  optical  device 
structures.  In  this  program  we  applied  these  techniques  to  the  fabrication  of  new  and  complex 
devices,  such  as  the  narrow-band  channel-dropping  filter  (CDF)  proposed  by  H.A.  Haus  at  M.LT., 
and  end-facet  grating  based  multiplexers.  [Other  components  fabricated  using  rapid  prototyping  are 
described  in  Section  III  below.] 

A  channel  dropping  filter  has  been  fabricated  and  tested,  and  was  found  to  exhibit  the  basic 
behavior  predicted  from  the  theory,  including  a  sub-Angstrom  bandwidth.  This  is  the  first 
experimental  realization  of  this  important  telecommunications  device  first  proposed  by  H.A.  Haus 
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at  M.I.T.  The  very  first  devices  showed  promise,  but  required  redesign. 


Fig.  1.  Response  of  narrow-band  channel  dropping  filter.  The  bandwith  is  0.8A  FWHM. 

We  analyzed  the  devices  using  a  recently  introduced  tunable  laser  source  from  HP.  A  portion 

of  the  response  is  shown  in  Fig.  1 ,  which  shows  the  output  of  the  resonator  arm  versus  wavelength. 
A  strong  resonant  peak  is  observed,  which  corresponds  to  the  predicted  transmission  resonances. 
The  power  transfer  of  30%  approaches  the  theoretical  maximum  of  50%  for  this  design.  Finally,  the 
bandwidth  is  O.sA  FWHM,  within  the  predicted  sub- Angstrom  range,  and  the  narrowest  value  of  any 
integrated  filter  design.  This  is  the  first  demonstration  of  a  CDF  of  this  type,  and  represents  an 
important  step  in  the  development  of  this  technology  area.  A  paper  on  this  work  was  published  in 
Photonics  Technology  Letters. 

Initial  tests  of  the  device  exhibited  high-frequency  Fabry-Perot  oscillations  superimposed  on 
the  main  response  of  the  device.  To  reduce  these  oscillations  we  coated  the  facets  of  the  device  with 
an  anti-reflection  coating.  The  AR-coating  was  performed  by  Nicholas  Andreadakis  of  Bellcore, 
Red  Bank.  The  measured  response  of  the  CDF,  shown  in  Fig.  2,  demonstrates  that  the  high- 
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frequency  ringing  was  eliminated. 


Fig.  2.  Response  of  CDF  with  antireflection  coatings  to  eliminate  Fabry-Perot  oscillations. 

Also  during  this  period  we  performed  temperature  tuning  tests  on  the  filters  and  observed  a  tunability 
of  1  A/°C  on  the  peak  position  of  the  resonant  response.  This  is  shown  in  Fig.  3.  This  tunability  can 
be  extremely  useful  in  multiwavelength  networking  applications,  in  which  a  receiver  circuit  might 
be  built  using  one  CDF  instead  of  several,  thus  reducing  costs. 


Fig.  3.  Temperature  dependence  of  CDF  center  wavelength. 
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There  are  several  characteristics  of  our  initial  design  which  need  to  be  addressed  before  it  can  be 
considered  for  realistic  application  to  networking  and  other  areas.  Thus  we  have  recently  fabricated 
a  second  generation  of  channel-dropping  filters  which  incorporate  improvements  in  design  based  on 
the  analysis  of  the  performance  of  the  original  device.  The  first  issue  is  the  presence  of  a  second 
peak  in  the  spectral  response  and  the  second  is  a  significant  amount  of  background  superimposed 
on  the  signal.  Extensive  computer  modelling  described  below  showed  that  these  features  could  be 
traced  to  the  presence  of  additional  waveguide  modes  in  the  coupling  region,  not  in  the  individual 
waveguides  which  we  had  guarded  against.  The  theoretical  response  we  obtained  is  shown  m  Fig. 
4.  Armed  with  this  analysis,  we  went  back  and  redesigned  the  coupler  to  reduce  or  eliminate  the 
presence  of  higher  order  coupler  modes;  it  is  the  improved  version  which  we  have  fabricated  this 

year  and  are  about  to  test. 


Fig.  4.  Theoretical  response  of  multimode  CDF. 

Fabrication  of  the  new  CDF  called  for  improvements  in  direct  laser-writing  technology, 
which  we  utilize  to  pattern  these  devices.  In  particular,  we  found  that  the  narrower  coupling  region. 
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required  to  eliminate  spurious  waveguide  modes,  had  a  significantly  detrimental  effect  on  the 
coupling  efficiency  of  the  device.  Software  modifications  to  the  existing  laser-write  code  were 
needed  to  increase  our  patterning  resolution,  which  would  otherwise  lead  to  a  significant  reduction 
in  the  output  intensity  of  the  filtered  narrow-band  signal.  Figure  5  illustrates  the  improvements  in 
direct-write  patterning  resolution  on  the  response  of  the  coupler.  Fabrication  of  the  resonator  grating 
for  these  devices  was  done  by  Paul  Lin,  of  Bellcore,  Red  Bank.  These  latest  results  were  presented 
at  the  Annual  Meeting  of  the  Optical  Society  of  America  in  October,  1994. 


Asymmetric  coupler  Symmetric  coupler 


‘'"S***”  fcnSthimi 


Fig.  5:  Comparison  of  response  times  for  symmetric  and  asymmetric  couplers.  Note  that  careful  software  adjustment  of  stage 
motion  parameters  improves  resolution. 

B.  Thin-Film  Isolator 

Integrated  optical  isolators  are  an  extremely  important  and  thus  far  unavailable  component 
for  integrated  optical  systems;  we  have  made  significant  accomplishments  in  realizing  such  devices 
during  this  period.  Our  eventual  goal  is  to  obtain  a  magneto-optic  isolator  driven  by  thin-film 
magnets,  which  could  be  integrated  directly  onto  optical  chips.  Detailed  calculations  of  the  magnetic 
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fields  produced  by  recently  developed  magnetic  thin-films  showed  that  saturation  of  properly 
designed  Bi-YIG  materials  might  be  achieved. 

The  work  involved  collaboration  with  R.  Wolfe  at  Bell  Labs  who  provided  the  Bi-YIG 
waveguide,  and  C.J.  Gutierrez  and  G.A.  Prinz  at  NRL  who  provided  thin-film  magnets  to  realize  our 
design.  Fabrication  and  testing  of  the  final  device  was  done  by  our  group  at  Columbia. 
Measurements  indicate  that  the  thin-film  magnets  can  nearly  saturate  the  Bi-YIG.  In  addition,  the 
device  exhibited  good  isolation  behavior  as  shown  in  Fig.  6,  which  displays  the  optical  output 
through  the  Bi-YIG  waveguides  for  two  different  orientations  of  the  magnetic  thin-film.  The 
isolation  ratio  obtained  was  21  dB.  The  initial  device  used  a  1.5pm  Fe-Co  film  as  magnet  on  the  Bi- 
YiG  waveguide  base.  This  result  represents  the  first  demonstration  of  a  thin-film  magnet  magneto¬ 
optic  isolator.  This  has  been  published  and  appeared  Photonics  Technology  Letters. 


Fig.  6.  Output  of  thin-film-magnet  magneto-optic  isolator  for  two  different  film  orientations. 
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Subsequently,  we  improved  the  performance  of  the  device  by  using  a  thicker  magnet  to 
provide  full  saturation  of  the  magnetization  in  the  isolator  waveguide.  The  magnet  used  was  a  high- 
coercivity  sputtered  samarium-cobalt  film  magnet  fabricated  by  Fred  Cadieu  of  Queens  College. 
This  is  a  22pm-thick  polycrystalline  film  with  a  coercivity  larger  than  1  KOe,  and  is  therefore  a 
better  permanent  magnet  than  the  Fe-Co  single  crystals  used  in  our  initial  tests  of  the  isolator.  It  also 
produces  a  larger  net  effective  field  because  of  its  larger  thickness.  Using  these  magnets  we  have 
obtained  ratios  of  about  25  dB  in  the  range  of  wavelengths  between  1549  and  1560  nm,  and  a 
forward  loss  of  less  than  1  dB  throughout  the  whole  range.  This  is  plotted  in  Figs.  7  and  8.  The 
improved  performance  of  the  isolator  is  due  to  full  saturation  of  the  magnetization  by  the  more 
powerful  Sm-Co  film  and  to  an  improved  launching  technique  to  overcome  the  deleterious  effects 

of  birefringence. 


nm 


Fig.  7.  Isolation  ratio  versus  wavelength  for  thin-film  isolator. 
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Attenuation  Due  to  Birefringence 


Fig.  8.  Attenuation  versus  wavelength  for  thin-film  isolator. 


These  results  were  presented  at  the  Magnetism  and  Magnetic  Materials  Conference  in  Minneapolis, 
November,  1993  and  have  been  subsequently  published. 


C.  Applications  of  Through-Wafer  Via  Etching 

In  the  previous  contract,  we  reported  the  development  of  a  technique  for  rapid  etching  of 
through-wafer  vias  in  Sl-InP.  In  collaboration  with  Hughes,  we  had  applied  the  technique  to  the 
fabrication  of  vias  in  actual  MMIC  microwave  devices.  This  work  has  now  been  published  in  the 
EEEE  Transactions  on  Semiconductor  Manufacturing. 

In  the  first  year  of  this  contract,  we  successfully  transferred  this  technology  to  Hughes,  where 
they  then  replicated  our  experimental  setup  in  their  labs.  In  addition,  we  have  fabricated  additional 
devices  for  microwave  testing. 

Finally,  we  have  investigated  a  new  application  which  uses  our  via  etching  process  to 
fabricate  large  arrays  of  cylindrical  vias  which  can  act  as  transmission  filters  in  the  infrared.  The 
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filter  consists  of  a  series  of  cylindrical  wavegu.des  that  are  ~  20  itm  ,n  diameter  and  -  lOO  itm  in 
depth,  with  smooth  straight  sidewalls.  The  side  walls  must  be  highly  conductive  to  avoid  penetration 

of  the  waveguide  mode  into  the  walls. 


Figure  9.  Optical  photograph  of  an  aoa,  of  viaa  .Khed  in  Sl-lnP  for  use  as  an  IR  transmission  filter. 

The  filter  is  formed  from  a  100pm  thick  Sl-InP  Fe-doped  substrate.  The  pattern  consists  of 

a  grid  wtth  -  20  pm  laser  etched  through  via  holes,  with  50  pm  center-to.center  spacing,  as  shown 
in  Fig.  9.  The  entire  pattern  covers  an  area  of  3  mm  x  3  mm.  The  sample  is  mounted  vertically  in 
a  quartz  cell  on  a  computer  controlled  X,Y2;  stage  with  an  opening  on  the  back.  The  opening  allows 
the  laser  light  to  penetrate  through  the  wafer  onto  a  photodetector.  This  detector  sends  a  voltage 
signal  to  the  computer  to  shut  off  the  beam,  move  to  the  next  via  location,  and  open  the  shutter  to 
drill  the  next  via.  Thus  the  opening  served  as  an  end-point  detection.  With  this  arrangement,  the 
holes  obtained  were  very  uniform  in  diameter  and  etch  time.  The  average  via  etch  time  was  -  10 
seconds.  After  the  etching,  the  sample  was  removed  and  rinsed  in  deionized  water  leaving  the 
deeply  etched  through-holes  clear  as  shown  in  Fig.  9.  The  sample  was  then  metallized  Cr  and  Al, 
using  e-beam  and  thermal  evaporation,  respectively.  The  chromium  and  aluminum  layers  which 
covered  the  walls  of  the  vias  were  -  200  A  and  7000  A,  respectively,  resulting  in  highly  conductive 

cylindrical  waveguides. 
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The  far-infrared  transmission  spectrum  of  this  waveguide  filter  was  measured  using  a  Perkin 
Elmer  spectrometer  at  2cm'‘  resolution.  A  globar  was  used  as  the  source  and  a  DTGS  bolometer  as 
detector.  Figure  10  shows  the  plot  of  the  transmittance  vs.  wavenumbers.  The  position  of  the  cutoff 
is  at  242.2  cm  '  which  corresponds  to  a  cutoff  wavelength  of  ~  41  pm.  The  theory  predicts  that  the 
cutoff  wavelength  is  twice  the  diameter  of  the  via  hole.  In  our  case  the  average  diameter  of  the  via 
is  ~  21  pm,  implying  a  cutoff  of  42  pm,  in  good  agreement  with  the  measurement.  As  shown  in  Fig. 
10,  the  cutoff  is  very  steep  giving  the  filter  a  very  high  contrast. 


Figure  10.  Transmittance  vs  wavenumbers  for  IR  filter. 


11.  Integrated  Optical  Device  and  Circuit  Modeling 
BeamPROP:  A  Photonic  Device  and  Circuit  Modeling  Package 

In  this  section  we  discuss  our  efforts  to  develop  a  general  software  package  for  design  and 
simulation  of  photonic  integrated  circuits  (PICs).  We  continue  to  develop  this  software  and  have 
at  the  same  time  commercialized  it. 
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In  the  first  year  of  this  contract,  we  reported  the  initial  development  of  the  software  and  its 
application  to  several  device  problems.  These  included  design  of  an  optical  delay  line  in  GaAs  and 
analysis  of  multimode  star  coupler  devices  in  polymers.  In  the  second  year,  we  produced  a  second 
generation  of  the  software  package  which  included  a  graphical  CAD  interface,  and  advancements 
in  the  simulation  techniques  allowing  wide-angle  propagation  using  Fade  approximations. 
Furthermore,  we  completed  our  studies  of  both  the  star  coupler  and  optical  delay  line  and  were  able 
to  obtain  comparisons  with  experiments  in  both  cases  which  corroborated  the  simulations.  In 
addition,  we  used  the  CAD  program  to  assist  a  redesign  of  our  channel  dropping  filter,  a  project 
which  is  discussed  elsewhere  in  this  report. 


11:  A  screen-view  illustration  of  the  BeamPROP  software  running  under  windows. 
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Fis.  12:  Three-dimensional  BeamPROP  simulation  of  two  optical  fiber  couplers. 
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In  the  final  year  of  the  contract,  there  have  been  several  additional  important  developments. 
First,  software  development  on  both  the  simulation  and  graphical  interface  was  completed. 
Columbia  was  able  to  transfer  the  program  to  a  scientific-software  house,  where  it  has  been 
developed  into  a  commercial  product.  Figure  1 1  illustrates  the  software  running  under  Windows; 
several  other  platforms  are  also  supported.  Second,  as  part  of  the  above  development,  several  new 
simulation  capabilities  were  added  to  the  software,  including  support  for  diffused  waveguides, 
automatic  effective  index  calculations,  and  full  3-D  simulations.  The  latter  task  involved  exploration 
of  new  techniques  for  efficient  and  stable  3-D  computations.  Figure  12  illustrates  a  3-D  simulation 
of  two  coupled  optical  fibers. 

i)  Improvements  in  Algorithms 

An  important  development  in  the  simulation  area  involved  research  into  the  fundamental 
limits  of  the  beam  propagation  method  with  regard  to  wide-angle  propagation.  The  ability  to  model 
or  design  for  wide  angles  along  the  propagation  direction  is  a  crucial  capability  for  a  truly  general 
purpose  modelling  program  and  is  a  crucial  requirement  for  designing  most  realistic  photonic 
integrated  circuits.  In  this  connection,  while  the  finite-difference  beam  propagation  method  using 
the  paraxial  approximation  has  been  applied  successfully  to  photonics  integrated  circuits  with 
shallow  angles,  it  has  difficulty  in  computing  practical  circuits  containing  angles  >10°.  Recent 
extensions  to  these  techniques  based  on  Fade  approximants  of  the  square-root  operator  in  the  one 
way  wave  equation  have  made  wide-angle  propagation  possible  with  a  significant  improvement  in 
accuracy.  However,  in  order  to  apply  effectively  these  new  techniques  to  real-world  problems,  it  is 
necessary  to  have  a  thorough  understanding  of  their  fundamental  limits  and  how  to  achieve  them. 
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Much  of  the  previous  work  in  this  area  has  focused  on  implementation  and  comparison  of 
algorithms  using  one  or  two  benchmark  examples,  rather  than  considering  detailed  parametric 
studies.  We  have  theoretically  examined  the  Pade-based  beam-propagation  scheme  and  derived 
general  expressions  for  angular  and  truncation  error  as  a  function  of  various  waveguiding  and 
numeric  parameters.  Later,  these  results  were  compared  with  numerical  experiments  helping  us 
determine  scaling  rules. 

We  performed  our  analytical  study  by  deriving  the  angular  error  for  the  exact  solution  of 
the  uniform,  slab-waveguide  problem.  In  this  case,  the  fundamental  mode  is  inserted  into  the 
one-way  wave  equation  obtained  from  the  Helmholz  equation  using  Fade  approximants.  The 
result  of  this  derivation  is  the  following  formula  for  the  error  of  a  Fade  (m,n)  approximation: 

E  =  qiqlir*" 


where 

q  =  [(/:-Pcos(j))  +  /ysinc])]  /k 

Our  test  example  for  Fade-based  numerical  experiments  was  a  uniform,  slab  waveguide 
tilted  at  an  angle  from  the  propagation  direction.  This  choice  is  made  since  the  exact  solution 
is  known  and  can  be  compared  with  numerical  results.  Simple  measurement  of  power  loss 
represents  the  error.  Figure  13a  presents  this  error  as  a  function  of  grid-size,  with  refractive 
index  difference  as  a  parameter.  The  error  approaches  a  constant  error  limit,  which  is  plotted  for 
different  angles  in  Fig.  13b  and  fitted  with  sin'*  ([),  (following  the  derived  expression). 
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(Fade  (1 .0)  with  k*"::  p  cos 

Fig.  13a 


(Fade  (1 .0)  wHh  k'i  p  cos 

Fig.  13b 


ii)  Graphical  User  BeamPROP  Program 

In  addition  to  technical  improvements,  we  have  added  a  unique  graphical  interface  to  the 
package  which  integrates  CAD  layout  of  waveguide  circuits  with  the  simulation.  The  CAD  system 
has  been  designed  specifically  for  photonic  circuits,  and  incorporates  special  features 
which  allow  great  flexibility  in  exploring  design  modifications  and  their  effects  on  performance. 
This  technology  has  been  shared  with  collaborators  at  AlliedSignal,  Inc.,  and  has  interested 
researchers  at  IBM  as  well. 


iii)  Use  in  Actual  Device  Simulation 

Our  simulation  capability  has  continued  to  be  an  important  part  of  our  overall  program.  As 
discussed  elsewhere,  we  used  BeamPROP  extensively  in  our  redesign  of  the  channel  dropping  filter. 
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In  addition,  in  our  efforts  to  improve  our  fabrication  process  to  produce  large  PIC  devices  such  as 
a  transversal  filter,  we  have  used  BeamPROP  to  explore  the  sensitivity  of  the  Mach-Zehnder 
interferometer  and  other  devices  for  fabrication  errors. 

In  particular,  working  with  Allied  we  have  explored  the  design  of  highly  multimode  star 
couplers  for  fabrication  in  polymer  materials.  In  collaboration  with  H.  Fetterman  at  UCLA,  we  have 
designed  an  optical  delay  line  (see  Fig.  14).  Finally,  we  are  currently  using  the  program  to  assist  our 
work  on  wavelength  demultiplexers  by  considering  the  design  of  low  divergence  adiabatic  tapers. 
The  following  is  a  brief  description  of  our  work  in  using  BeamPROP  for  designing  multimode  star 
couplers. 


Simulation  (One-Sided) 


Experimental  Data  (Two-Sided) 


Waveguide  Number  (from  Input  to  Output) 
Fig.  14.  Optica!  delay  line  simulation  and  experimental  data. 
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Our  application  of  BeamPROP  in  the  understanding  of  light  propagation  in  highly  multimode 
star  couplers  was  done  in  collaboration  with  AlliedSignal,  Inc.  and  was  cosponsored  via  partial 
student  support  by  AlliedSignal,  Inc.  and  the  NCIPT  program.  The  fundamental  work  has  been 
completed  during  this  period,  and  has  resulted  in  a  good  understanding  of  factors  that  influence 
output  uniformity  and  deviee  length  requirements.  Furthermore,  we  have  developed  a  set  of 
empirical  mles  that  describe  these  effects  and  allow  simplified  device  design.  This  work  has  been 
published  in  the  Journal  of  Lightwave  Technology. 


Input  #1  Input  #2 


Output  Channel  Output  Channel 


Input  #3  Input  #4 


Output  Channel  Output  Channel 

Fig.  15.  8x8  Star  Coupler  output  uniformity. 

In  addition  to  this  basic  study,  we  have  collaborated  with  AlliedSignal,  Inc.  to  model  a  large, 
8x8  star  coupler  of  a  specific  design  which  they  subsequently  fabricated  and  tested.  The  results  of 
this  study  are  shown  in  Fig.  15  along  with  the  experimental  observations,  as  well  as  additional 
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calculations  performed  using  a  ray-tracing  approach  by  AlliedSignal,  Inc.  The  graphs  show  the 
relative  power  in  each  of  the  eight  output  ports,  when  excited  by  each  of  the  left  four  input  ports  (by 
symmetry  the  right  input  ports  are  identical).  We  note  excellent  agreement  between  our  technique 
and  the  ray-tracing  model.  Furthermore,  the  theory  exhibits  the  general  trends  portrayed  by  the 
experiment,  although  there  are  a  few  significant  discrepancies,  particularly  for  input  #4.  We  are 
presently  investigating  the  origin  of  this  effect,  but  it  seems  to  be  tied  to  some  aspect  of  the 
experiment  that  was  not  foreseen  and  included  in  the  theory,  since  the  two  independent  models  yield 
similar  results. 

III.  Writing  Technology 
A.  Laser  Wet  Etching  Writing 

We  have  succeeded  in  using  our  laser  wet  etching  system  for  the  rapid  prototyping  of  various 
passive  and  active  devices  in  GaAs,  namely,  linear  waveguides,  bends,  Y-branches,  tappers, 
couplers,  delay  lines,  polarization  modulators  and  Mach-Zehnder  interferometric  modulators.  These 
results  have  been  published  in  the  Journal  of  Lightwave  Technology.  Our  next  goal  is  to  integrate 
these  elements  to  fabricate  large-area,  interferometry-based  devices  for  optical  signal  processing, 
such  as  transversal  filters  (see  Fig.  16)  and  wavelength  multiplexers.  For  this  purpose,  we  need  to 
reproduce  a  large  amount  of  the  same  elements  on  one  complex  device.  Hence,  our  recent  work  is 
concentrated  on  improving  the  reproducibility  of  our  laser  etching-writing  technique. 


20 


y(t) 


Fig.  16:  Schematic  and  specifications  for  our  optical  transversal  filter. 

We  have  determined  and  enhanced  the  reproducibility  by  improving  and  formalizing  our 

fabrication  and  measurement  techniques.  In  fabrication,  we  discovered  that  by  processing  the 
sample  in  the  etching  solution  for  a  sufficiently  long  time  we  can  obtain  good  symmetry  and 
uniformity  of  the  waveguides.  We  found  that  simple  transmission  measurements  of  optical 
output  power  were  not  accurate  due  to  the  Fabry-Perot  resonances  between  the  two  facets  of  the 
sample.  To  eliminate  this  effect,  we  used  an  approach  based  on  wavelength-sweeping,  which 
also  avoids  the  problem  of  index  change  due  to  temperature  fluctuation.  We  found  that  the 
output  power  of  the  linear  waveguide  has  a  variation  which  is  less  than  5%  and  a  Y-branch 
variation  less  than  10%,  including  a  3%  measurement  error  (see  Fig.  17).  Also,  we  fabricated  a 
polarization  modulator  with  a  100%  success  rate.  We  are  currently  working  on  obtaining  better 
reproducibility  of  the  Mach-Zehnder  interferometric  modulator. 
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Fig.  17:  Reproducibility  study  of  linear  waveguides.  The  maximum  and  minimum  correspond  to  peaks  and  valleys  of 
Fabry-Perot  oscillations,  and  the  standard  deviation  (STD)  for  each  waveguide  is  3.7%. 

B.  Wet  Etching  of  Facet  Grating 

We  have  developed  a  capability  for  wet  etching  of  gratings  on  end  facets  of  (100)  GaAs, 
cleaved  along  the  (01 1)  set  of  planes.  These  are  samples  with  GaAs,  Alg  |Gao  9As  epilayers 
grown  on  them  for  waveguide  structures.  The  importance  of  end  facet  grating  fabrication  stems 
from  its  applicability  to  device  fabrication,  such  as  for  demultiplexers. 


22 


The  epilayers  are  doped  to  lO'^cm'^  material.  The  gratings  are  fabricated  via  holographic 
interference  with  UV  light,  using  HN03:HC1:H20::1;4:50  as  etchant,  which  has  been  shown  by  our 
group  to  provide  the  best  feature  resolution  for  our  laser-writing  waveguide  fabrication. 

Figure  18  shows  an  SEM  photograph  of  a  grating  on  a  GaAs  end  facet.  Notice  the  good 
quality  of  the  grating  on  the  GaAs  epilayer. 

GaAs  epilayer 

Ga  As  cladding 

0.1  0.9 

^  GaAs  substrate 


10  pm 

Fig.  18.  Grating  on  facet  fabricated  by  wet  etching. 

C.  Writing  with  Photoresist 

Laser-direct  writing  techniques  have  been  developed  in  this  lab  for  several  years.  This 
knowledge  is  now  being  applied  to  direct-exposure  techniques  of  photoresist  with  the  hope  of 
providing  a  new  flexibility  in  the  making  of  both  positive  and  negative  masks  using  conventional  lift¬ 
off  processes.  In  addition,  and  perhaps  more  importantly,  with  the  use  of  a  negative  resist,  this 
technique  allows  for  the  rapid  direct  patterning  onto  a  semiconductor,  as  well  as  a  great  variety  of 
other  materials. 
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Recent  progress  on  this  project  has  included  software  development  which  has  increased  our 
ability  to  draw  complex  patterns  (e.g.  including  bends  and  circles)  of  higher  quality  (see  Figs.  19a  and 

19b). 


Fig.  19a  F'g- 


In  addition,  we  have  recently  begun  to  explore  etching  techniques  to  be  used  with  such  PR 
patterned  features  on  our  way  to  developing  our  device-creation  process.  Using  a  wet-etch  process 
we  have  obtained  patterns  with  critical  dimensions  on  the  order  of  3  pm,  which  is  more  than  suitable 


to  assure  single-mode  optical  performance  (see  Figs.  20aand20^ 


25  K 


Fig.  20b 
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D.  Fabrication  of  an  InGaAs  SQW  Circular  Ring  Laser  by  Direct  Laser  Patterning 

Circular  ring  lasers  are  of  considerable  interest  for  monolithic  optoelectronic-integrated-circuit 
(OEIC)  applications.  Since  these  lasers  do  not  require  the  use  of  a  cleaved  facet  for  output  coupling, 
they  can  be  conveniently  integrated  for  OEIC  applications,  and  on-chip  laser  output  coupling  can  be 
achieved  via  the  use  of  an  evanescent  coupler,  Y-branch  splitter,  etc.  The  etching  technology  used 
for  the  pattern  transfer  of  the  ridge-waveguide  structure  of  these  lasers  is  crucial  to  their  operation, 
since  the  definition  and  uniformity  of  the  etched  sidewalls  depend  on  the  characteristics  of  the 
anisotropic  etching.  The  crystallographic  etch-rate  variation  in  conventional  wet  etching  makes  wet 
etching  undesirable  for  the  etching  of  a  circular  ridge- waveguide  structure,  the  side  walls  of  which 
utilize  a  continuous  variety  of  crystallographic  orientations.  In  addition  to  the  etching  step,  the  use 
of  a  simple,  rapid  fabrication  procedure  can  facilitate  the  prototyping  and  testing  of  these  devices. 

We  have  demonstrated  that  high-performance  ring  lasers  can  be  made  using  novel  laser  direct- 
write  lithography  for  the  pattern  definition.  This  laser-based  lithography  provides  a  flexible  and  easy 
way  of  modifying  the  optical  structures  while  the  optimal  design  of  the  devices  is  being  established. 
The  ring  lasers  were  fabricated  using  an  MBE-grown  80A-strained-layer  I%25Gao  jjAs  quantum-well 
heterostructure  material.  The  ridge- waveguide  for  the  circular  ring  is  200  pm  in  radius,  15  pm  in 
width,  and  has  a  1000-pm  long  Y-branch  output  coupler.  A  two-layer  photoresist  process  was 
developed  which  utilized  two  commercially  available  photoresists  with  different  absorption 
wavelengths  to  achieve  the  desired  undercut  structure,  which  is  necessary  for  metal  liftoff.  The 
pattern  in  the  top  photoresist  layer  is  defined  by  a  focused  UV  beam  scanned  across  the  substrate  with 
a  computer-controlled,  high  resolution  X-Y  stage.  Cryoetching,  a  dry-etching  technique,  is  applied 
to  defining  the  ridge  waveguide  structure.  This  crystallographically  independent  etching  process 
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yields  uniform  ring  patterns  and  smooth  side  walls. 

Our  fabricated  ring  laser  had  a  threshold  current  of 270  mA,  corresponding  to  794  A/cm^,  and 
emits  ~  14  mW  of  single-frequency  output.  The  slope  efficiency  over  the  range  300-500  mA  was  64 
W/A. 

IV.  Processing  for  Ultra-Electronic  Devices:  Cryogenic  Etching  for  Low-Damage,  Sub- 

Micron  Processing  of  MQWs 

Under  the  last  contract  (AFOSR/ARPA  #F9620-89-C-0088),  we  developed  a  dry  etching 
process  for  GaAs  and  related  compounds  in  which  an  excimer  laser  is  used  to  activate  a  condensed 
layer  of  chlorine  on  the  surface  of  the  semiconductor  and  to  remove  etching  products  from  the 
reaction  area.  The  restriction  of  the  reactive  species  to  the  surface,  as  well  as  the  limitation  of  the 
product  desorption  to  the  illuminated  area,  yield  an  anisotropic  etching  without  the  need  for  highly 
energetic  particle  beams  which  damage  sensitive  MQW  materials.  In  the  initial  work,  the  technique 
was  carefully  characterized  in  terms  of  process  parameters.  This  work  has  recently  published  in  both 
Applied  Physics  Letters  and  the  Journal  of  Vacuum  Science  and  Technology.  In  addition,  gold  masks 
patterned  by  liftoff  were  used  to  demonstrate  micron-scale  patterning,  and  silicon  nitride  and  silicon 
oxide  were  tested  for  suitability  as  mask  materials. 

We  have  continued  our  work  on  this  important  technology  by  first  demonstrating  sub-micron 
pattern-transfer  with  this  technology  using  e-beam  patterned  silicon-nitride  masks.  In  addition,  we 
have  applied  the  technique  to  the  fabrication  of  a  quantum-well  stripe  laser.  We  have  also  performed 
detailed  measurements  using  photoluminescence  on  MQW  structures  and  on  Schottky  devices 
fabricated  on  GaAs  etched  by  our  technique  to  demonstrate  low  damage.  Finally,  we  have  made 
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several  fundamental  improvements  to  our  apparatus  and  process.  The  above  work  is  descnbed  in  the 
following. 

A.  Pattern  Transfer 

One  of  the  ultimate  goals  of  this  project  is  to  etch  feature  of  submicrometer  dimensions.  The 
first  step  towards  this  goal  is  to  find  a  suitable  surface  mask.  The  gold  surface  masks  we  have  been 
working  with  up  to  now  are  unsuitable  for  high  resolution  applications  because  they  often  erode  on 
the  sides  and  because  of  the  resolution  limits  of  conventional  lift-off  lithography.  The  requirements 
for  effective  masking  materials  are  resistance  to  the  chlorine  environment  and  excimer  laser  irradiation 
and  the  ability  to  be  patterned  to  submicrometer  dimensions. 


Figure  21.  SEM  of  sub-micron  features  etched  in  GaAs  using  the  low-damage  cryogenic  . 

For  our  studies  of  submicrometer  etching,  we  used  a  Si3N4  mask  patterned  by  electron  beam 

lithography  and  reactive  ion  etching  by  Cornell  University's  National  Nanofabrication  Facility.  The 
detailed  results,  along  with  some  micrographs,  are  discussed  in  our  Journal  of  Vacuum  Science  and 
Technology  article.  Figure  21  shows  the  cross  section  of  a  feature  etched  on  the  GaAs  (1 10)  surface. 
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We  are  able  to  etch  features  a  half  micrometer  wide  with  aspect  ratios  of  greater  than  one.  A  major 
finding  is  that  the  sidewall  slope  is  independent  of  both  the  surface  being  etched  and  the  orientation 
of  the  feature  on  the  surface. 


Figure  22.  LI  characteristic  of  a  quantum  well  ridge  laser  etched  using  the  low-damage  cryogenic  etching  technique. 

To  test  the  suitability  of  this  etching  for  device  fabrication,  we  collaborated  with  Prof  Wen 
Wang's  group  at  Columbia  to  apply  our  etching  process  to  etch  a  mesa  for  a  single  quantum-well 
ridge  waveguide  semiconductor  laser.  Figure  22  shows  the  LI  (light  out-current  in)  characteristics 
of  the  laser.  The  performance  of  these  lasers  is  comparable  to  that  of  lasers  fabricated  by  wet  etching. 
Since  wet  etching  of  II  -  V  semiconductors  is  heavily  dependent  on  crystallography  and  doping  type 
and  level,  our  low  temperature  etching  process  is  more  reliable  for  achieving  micrometer  scale 
structures.  To  complete  this  project,  several  technical  challenges  needed  to  be  overcome.  Most 
significant  is  the  requirement  for  a  uniform  etch  depth,  which  required  that  the  excimer  laser  beam 
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have  a  uniform  intensity  profile.  This  was  accomplished  through  careful  re-design  of  our  optical  beam 
delivery  system. 

A  new  etching  chamber  and  load  lock  system,  sketched  in  Fig.  23,  has  been  installed  and 
tested  during  this  contract.  The  purpose  of  this  apparatus  is  to  accomplish  sample  transfer 
without  exposing  the  etching  chamber  to  the  atmosphere.  The  new  etching  chamber  is  pumped  by 
a  turbo  pump  and  during  etching,  the  background  pressure  is  about  10"’  Torr.  The  installation  of  the 
load  lock  system  allows  us  to  repeatedly  do  experiments  without  breaking  the  vacuum;  as  a  result, 
we  can  obtain  better  surface  morphology.  We  point  out  that  a  load-lock  system  is  important  for  low 
temperature  etching  processes,  as  many  contaminants,  such  as  moisture  and  residual  etching  products, 
tend  to  absorb  on  the  sample  surface  at  low  temperatures. 


LOAD  LOCK  SYSTEM 

193  nm 


Figure  23.  New  vacuum  chamber  and  load  lock  for  cryogenic  etching  system. 


29 


We  explored  the  effects  of  the  addition  of  rare  gases  to  the  etching  chamber,  as  described  in 
the  last  report.  For  the  addition  of  Xe,  Kr,  and  Ar,  we  saw  an  enhancement  of  the  etch  rate  to  about 
twice  the  normal  etch  rate  with  increasing  rare  gas  partial  pressure,  and  then  a  quenching  of  the  etch 
rate  with  further  addition  of  the  rare  gas.  The  addition  of  He  or  Ne  causes  no  enhancement  of  the 
etch  rate.  Instead,  they  immediately  cause  a  decrease  in  the  etch  rate.  We  suggest  that  the  etch  rate 
enhancement  is  attributable  to  a  parallel  channel  for  generating  Cl  atoms  through  the  formation  and 
decay  of  excited  rare  gas  halide  molecules.  We  have  also  found  that  the  addition  of  rare  gases  results 
in  a  noticeable  improvement  of  surface  morphology. 

B.  Sub-Micron  Patterning  and  Etching 

Unfortunately,  submicrometer  lateral  resolution  by  using  a  Si3N4  mask  leads  to  an  undercut, 
which  we  attribute  to  strain-induced  chemistry,  thus  severely  limiting  the  lateral  resolution  obtainable 
using  this  mask,  making  it  impossible  for  us  to  transfer  patterns  of  less  than  0.5  pm  linewidth  into  the 
sample.  To  eliminate  this  problem,  we  used  a  mask  consisting  of  500  A  Au  on  top  of  a  thin  (~50  - 
200  A)  layer  of  Cr  or  Ti  to  promote  adhesion  of  the  Au.  This  masking  also  has  several  advantages 
over  the  Si3N4  mask:  it  is  deposited  practically  stress  free  and  is  capable  of  being  patterned  by  lift-off 
lithography,  which  does  not  require  a  dry  etch  process  (which  may  cause  surface  damage). 

Figure  24  shows  the  etching  of  0.2  pm  features  patterned  by  the  Au/Cr  mask.  This 
photograph  clearly  shows  that  our  etched  feature  profiles  have  no  crystallographic  dependence.  In 
Fig.  25,  we  show  an  array  of  0.5  pm  boxes  that  were  patterned  with  a  Au/Ti  mask  fabricated  using 
ion  beam  lithography  and  etched  for  preliminary  investigation  of  the  suitability  of  our  etching  for  the 
fabrication  of  quantum  boxes.  This  structure  is  similar  to  that  of  a  proposed  quantum  box  laser. 
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which  is  predicted  to  have  a  lower  threshold  current  than  conventional  semiconductor  lasers. 


f  (OH) 


(OU) 


Equal  Resolution  Along  (Oil)  and  (Oil) 
Directions. 


0.3  |im  Line/Space  Pairs 


Fig.  24.  High-resolution  etch  using  Au/Cr  mask. 
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Fig.  25.  Characterization  of  the  photoluminescence  of  cryoetched  submicron  dots. 


C.  Determination  that  Cryoetching  is  Indeed  Damage  Free 

An  important  advantage  of  the  new  technique  of  laser  cryoetching  is  that  it  is  both 
directionally  anisotropic  and  yet  purely  chemical  in  origin.  That  is,  since  it  does  not  rely  on 
bombardment  by  massive  particles  to  achieve  etching,  material  damage  should  not  result  in  damage 
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of  the  etched  material.  Moreover,  the  high  flux  of  atomic  species  or  carriers  that  is  generated  by  laser 
irradiation  makes  it  possible  to  obtain  high  surface-reaction  rates.  Etching  resolution  in  such  a 
neutral-atom,  laser-assisted  method  is  determined  both  by  the  quality  of  the  imaging  optics  and  by 
the  confinement  of  the  reactive  species  to  the  illuminated  surface  area. 


Fig.  26:  An  array  of  etched  200-nm  quantum  boxes.  The  Ni  etch  mask  is  still  on  the  sample. 

In  order  to  quantify  any  process  damage  produced  in  cryoetching,  we  chose  to  use 

photoluminescence  since  it  samples  the  radiative  efficiency  of  the  patterned  submicron  structures. 
In  our  case,  a  test  substrate  was  designed  and  grown  commercially  for  use  with  photoluminescence 
probing.  Specifically,  a  test  pattern,  consisting  of  arrays  of  squares  fabricated  on  a  multiple-quantum- 
well  substrate,  was  etched  into  the  semiconductor  surface.  The  substrate  consisted  of  three  50  A 
GaAs  quantum  wells,  separated  by  250  A  Alo^Gao  ^As  barriers,  with  a  50  A  GaAs  layer  cap.  All 
epitaxial  layers  were  undoped,  grown  on  a  SI  GaAs(lOO)  wafer  by  MOCVD.  Etching  through  the 


multiple  quantum  wells  typically  required  15  minutes.  The  test  pattern  consisted  of  200  pm  square 
arrays  of  smaller  squares  with  dimensions  ranging  from  250  to  2000  nm  (full  width),  with  a  pitch  of 
three  times  the  size.  The  surface  mask  was  fabricated  using  electron-beam  lithography  to  pattern  a 
200  A  Au/  50  A  Cr  thin  film.  Similar  masks  of  700  A  Ni  were  also  fabricated.  Figure  26  presents 
an  electron  micrograph  of  an  array  of 200-nm  quantum  boxes,  etched  to  a  depth  of  0. 12  pm,  showing 
that  the  mask  pattern  has  been  faithfully  transferred  into  the  sample. 

One  accepted  procedure  for  measuring  the  process  damage  in  etched  samples  is  to  compare 
their  luminescence  efficiency  to  the  luminescence  efficiency  of  an  accepted  standard  fabricated  by  an 
etching  technique  which  is  commonly  accepted  to  be  damage-fi'ee,  typically  wet  etching.  In  our  case, 
quantum  boxes  were  also  fabricated  by  wet  etching  in  a  (1:8:50)  solution  of  H2S04:H202:H20.  In 
this  wet  etching  (as  is  generally  seen),  crystallographic  anisotropy  of  the  wet  etching  results  in 
significant  undercutting.  Specifically,  the  etched  feature  is  rectangular,  despite  the  square  etch  mask, 
indicating  that  the  wet-etch  rate  is  different  in  the  two  crystallographic  axes.  While  this  effect 
precludes  more  general  use  of  wet  etching,  with  care  we  were  able  to  obtain  suitable  damage-free 
samples  down  to  ~  300  nm  in  dimension. 

In  general,  the  quantum-well  luminescence  peak  energy  of  the  etch-defined  quantum 
structures  exhibited  a  blue-shift  as  the  feature  size  decreased.  For  example,  for  500  nm  features,  this 
shift  was  about  10  A  (~  2  meV).  As  the  feature  size  decreased,  the  luminescence  spectra  remained 
symmetric  and  the  peak  width  remained  constant  (7.0  -  8.0  meV,  FWHM),  indicating  that  variations 
in  the  feature  size  and  sidewall  quality  are  negligible. 
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Fig.  27;  Normalized  luminescence  efficiency  as  a  function  of  feature  radius  for  quantum  boxes  fabricated  using  cryoetching 
and  wet  etching.  The  solid  circles  represent  samples  passivated  by  using  NH4S. 

Figure  27  shows  the  normalized  etched  feature  luminescence  signal  as  a  function  of  etched 
feature  size  for  the  wet-etched  standard  and  for  cryoetched  samples.  For  the  model  curve  shown  in 
this  figure,  the  feature  size  is  defined  as  the  radius  of  the  circle  having  the  same  area  as  the  etched 
feature.  This  figure  also  includes  PL  from  the  comparison  samples  obtained  by  wet  etching.  The 
cryoetched  feature  data  represent  the  results  of  four  experiments,  indicating  that  the  results  are 
consistent. 

Both  the  laser-  and  wet-etch  data  have  the  same  luminescence  efficiency,  indicating  that  our 
etching  induces  little  or  no  damage  to  the  feature  sidewall.  Note  that  even  though  the  wet-etched 
and  cryoetched  sample  have  the  same  luminescence  efficiency,  the  luminescence  signal  from  the 
cryoetched  sample  is  much  greater  than  the  luminescence  signal  from  the  wet-etched  sample.  This 
occurs  because  the  wet-etched  sample  has  a  smaller  fill  factor  due  to  process  undercutting.  The  lack 
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of  damage  is  a  direct  consequence  of  the  purely  photochemical  nature  of  this  etching.  Because  of  this 
lack  of  damage,  there  is  not  any  "cut-off'  radius  below  which  no  luminescence  is  detected,  as  is 
commonly  seen  in  ion-etched  samples. 

D,  Damage  Study  in  Magnetron-Induced  Etching  Systems 

Recently  our  work  in  techniques  to  probe  processing  damage  attracted  the  attention  and 
collaboration  of  a  group  at  Fort  Monmouth,  who  have  worked  extensively  in  the  area  of  magnetron- 
induced  etching  (MIE).  At  their  suggestion,  we  began  a  joint  project  to  investigate  adjusting  plasma 
conditions  to  reduce  ion  damage  during  this  important  form  of  commercial  etching. 

In  the  experiment,  the  same  protocol  and  experimental  techniques  were  used  to  assess  process 
damage  as  used  in  laser  cryoetching.  For  example,  Fig.  28  shows  the  logarithm  of  the  measured 
quantum-box  luminescence  efficiency  as  a  function  of  the  feature  effective  radius  for  200  W/30  V 
biased  samples,  etched  to  different  depths.  The  effective  radius  is  defined  as  the  radius  of  a  circle  that 
has  the  same  area  as  the  average  area  of  the  quantum  boxes  in  each  constant-feature-size  array.  For 
the  larger  feature  radii,  the  luminescence  efficiency  of  all  the  samples  is  about  the  same.  However, 
for  the  smaller  feature  sizes,  the  quantum-box  luminescence  efficiency  decreases  as  the  exposure  time 
increases.  These  results  indicate  that,  in  general,  MIE  can  induce  damage  to  the  quantum  box 
sidewall,  and  that  this  damage  increases  as  the  sidewall  is  exposed  to  the  plasma.  The  solid  line  in 
this  figure  represents  an  application  of  the  previously  described  model,  based  on  drift-diffusion  of 
minority  charge  carriers,  of  the  luminescence  efficiency  in  an  array  of  quantum  dots. 
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However,  we  have  recently  found  using  our  PL  probe  that  by  paying  sufficient  attention  to 
the  plasma  conditions,  damage  can  be  eliminated  or  at  least  be  significantly  i  educed.  Compare  Fig. 
28,  for  example,  with  the  logarithm  of  the  luminescence  efficiency  as  a  function  of  feature  radius  for 
samples  etched  with  a  somewhat  higher  bias,  i.e.  75  V  (400  W  RF  power),  which  is  shown  in  Fig.  29. 
In  this  case,  the  luminescence  efficiency  is  essentially  independent  of  the  etch  depth  and  is  very  close 
to  the  modelled  curve  and  the  wet-etched  sample  data.  This  behavior  indicates  that  etching  with  the 
higher  bias  voltage  does  not  significantly  damage  the  quantum-box  sidewalls.  Thus  voltage-tuning 
mcry  offer  a  valid  approach  to  reduce  process  damage.  Etched  sample  surface  damage  measurements 
have  shown  that  increasing  ion-bombardment  energy  in  chemically-assisted  etching  reactions  may 
leave  a  less-damaged  surface,  due  to  the  increased  removal  rate  of  the  damaged  material.  That 
argument  is  not  valid  for  this  particular  situation,  though,  because  our  measurements  are  sensitive  to 
damage  to  the  sidewall  surface,  where  the  material  removal  rate  is  negligible.  In  our  case,  the  lack 
of  damage  may  be  due  to  the  increased  anisotropy  of  the  ions  at  higher  sample  bias;  increased 
deflection  of  the  ions  into  the  sidewall  due  to  image  potential  on  the  sidewalls  on  local 
nonuniformities  of  the  electric  field  would  generate  larger  damage  at  low  bias.  Because  of  the 
importance  of  this  result  to  scaled-down  device  technology,  further  experiments  are  planned. 

E.  GaSb  Etching 

In  addition,  because  of  the  applications  of  this  research  to  the  fabrication  of  electron  devices, 
we  have  made  an  initial  study  of  the  etching  of  the  GaSb  and  InAs  materials  which  are  used  in 
advanced  resonant-tunnelling  devices.  Specifically,  these  measurements  have  focussed  on 
determining  the  etch  rates  of  these  materials  and  comparing  them  to  GaAs.  In  order  to  measure  the 
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etch  rate  of  these  materials  we  initiated  a  collaboration  with  Prof.  McGill's  group  at  CalTech  who 
agree  to  grow  the  needed  samples.  As  shown  in  Fig.  30,  the  former’s  etch  rates  are  comparable  to 
GaAs  and,  hence,  etching  of  devices  based  in  these  materials  appears  feasible.  Further  studies  are 
planned  for  our  follow-on  contract. 


Fig.  30:  The  measured  etch  depth  versus  etching  time  of  GaAs,  GaSb,  and  InAs. 


F.  InGaAs/GaAs  Etching 

A  second  material  system  that  is  used  in  the  Ultra  Program  has  been  that  of  MQW  of  InGaAs 
in  GaAs.  We  have  also  investigated  the  etching  of  this  material.  A  priori  we  initially  expected  that 
the  presence  of  the  indium  in  the  material  would  lead  to  problems  in  both  the  etch  uniformity  as  well 
as  the  anisotropy;  an  effect  seen  in  ion  etching,  for  example.  In  experiments,  both  the  basic  etch  rates 
were  characterized  and  found  to  be  nearly  identical  to  that  of  pure  GaAs,  and  the  etch  uniformity  was 
also  examined  with  SEM  studies  and  also  found  to  be  satisfactory.  In  addition,  in  this  case  we  were 
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able  to  test  the  performance  of  electronic  devices  made  of  this  material  via  the  fabrication  of  laser 
diodes.  These  structures  were  made  with  both  ring  and  linear  geometries.  Output  measurements 
showed  that  the  devices  had  excellent  electrical  and  optical  properties.  Thus,  allowing  for  the  larger 
size  of  the  laser  structures,  their  performance  indicates  that  the  etching  results  in  high  quality 
electronic  structures. 

G.  Nanoscale  Mapping  of  Etched  Surfaces 

As  described  above,  we  have  carried  out  extensive  work  to  assess  processing  damage  in  III-V 
materials  using  photoluminescence.  The  photoluminescence  excitation,  which  is  focused  on  a  circle 
of  20  pm  diameter,  encompasses  an  array  of  quantum  boxes,  and  is  therefore  an  average  response. 
It  does  not  probe  differences  in  luminescence  efficiency  and  spectral  shape  between  individual 
quantum  boxes  or  within  a  single  box.  Cathodoluminescence,  on  the  other  hand,  can  probe  the 
radiative  response  of  the  sample  on  a  much  finer,  i.e.  nano-scale.  This  additional  feature  of  the 
cathodoluminescence  probe,  by  virtue  of  its  spatial  resolution,  gives  us  an  additional  handle  for 
understanding  sidewall  damage  in  etched  structures. 

We  have  established  a  collaboration  with  Professor  Slade  Cargill  of  the  Materials  Science 
Department  at  Columbia  to  carry  out  cathodoluminescence  studies  of  the  same  samples  used  in  our 
photoluminescence  work.  Preliminary  work  to  determine  the  response  to  the  cathodoluminescence 
excitation  in  scan  and  spot  modes  has  already  shown  that  we  can  obtain  good  signal-to-noise  ratios 
from  our  etched  samples  for  a  variety  of  features.  At  present,  work  is  centered  on  the  samples 
prepared  by  magnetron-induced  etching. 

Figure  3 1  shows  the  cathodoluminescence  and  corresponding  SEM  images  of  two  samples 
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etched  at  200  W  rf  power  (30V  Bias)  and  400  W  rf  power  (75  V  Bias),  respectively.  The  latter 
sample,  which  exhibits  less  damage  in  our  photoluminescence  experiments,  shows  a  much  more 
uniform  and  intense  cathodoluminescence  response.  The  sample  etched  at  lower  bias  exhibits  a 
marked  nonuniformity  in  its  response.  Moreover,  the  rounded  shape  of  the  cathodoluminescence 
image  shows  reduced  radiative  recombination  near  the  comers. 


200  W  rf  Power  (30  V  Bias) 


Cathodo¬ 

luminescence 


400  W  rf  Power  (75  V  Bias) 


Fig.  31:  Bias-voltage  tuning  to  eliminate  damage  to  GaAs/AlGaAs  quantum  boxes  (0.2  gm  etch  depth).  Samples  taken  from 
the  collaboration  with  G.  McLane  of  ARL  and  S.  Cargill  of  Columbia.  In  the  left  panel  it  is  seen  that  the  voltage  conditions 
are  such  that  damage  is  pronounced.  It  is  eliminated  in  the  right  panel  samples. 

By  Studying  the  cathodoluminescence  response  in  spot  mode,  we  should  be  able  to  map 
variations  in  radiative  recombination  intensity  across  the  etched  features,  near  and  away  from  the 
sidewalls.  This  is  a  crucial  study  for  our  nanoscale  program  since  it  will  allow  us  to  understand  how 
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processing  effects  the  microstructure  of  small  features  and,  hence,  the  presence  and  effect  of  sidewall 
damage  and  non-radiative  recombination  in  our  etched  structures.  We  are  currently 
in  the  midst  of  extensive  studies  of  these  effects. 

V.  Collaborations  and  Technology  Transfer  to  Industry  and  Other  Government  Programs 

A  major  thrust  of  this  program  is  to  make  the  results  of  our  research  available  to  industry  and 
other  government  programs  and,  where  possible,  to  interact  in  specific  R&D  areas.  In  the  space 
below  we  summarize  our  activities  in  this  regard. 


A.  Selective  Processing  for  Quantum  Devices 

Our  collaboration  with  the  Army  Research  Laboratory  (ARL)  at  Fort  Monmouth  over  the  past 
year  has  allowed  us  to  investigate  alternate  surface  making  materials  and  measure  the  effects  of 
magnetron-enhanced  reactive  ion  etching  (MIE)  on  quantum  box  performance.  In  the  first  aspect  of 
this  collaboration,  it  was  found  that  a  Ni  surface  mask  patterned  at  ARL  performed  better  than  the 
Au/Cr  masks  typically  used  in  our  etching.  In  the  other  aspect  of  this  collaboration,  MIE  was  used 
as  a  step  in  the  fabrication  of  quantum  boxes.  It  was  found  that  MIE  could  be  used  to  fabricate 
quantum  boxes  with  good  luminescence  efficiency,  and  that  the  etch-induced  sidewall  damage  could 
be  controlled  by  adjusting  the  sample  bias. 


B.  Integrated  Optics  and  Photonic  Structures 

1)  Thin  film  isolator  -  Collaboration  with  AT&T  Bell  Labs.  The  development  of  a  low  cost 
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isolator  is  a  major  requirement  in  reducing  the  cost  of  fiber  optic  systems. 

2)  Channel-dropping  filter  -  This  was  developed  through  a  collaborative  effort  with  Bellcore. 

3)  Simulation  Package  -  The  development  of  this  software  package  has  enabled  close 
collaboration  with  AlliedSignal,  Inc.  to  aid  in  the  design  of  low-cost,  highly  multimode  waveguide 
devices.  In  the  last  year,  we  have  emphasized  the  design  of  star-coupler  devices.  The  software  is 
currently  being  packaged  and  prepared  for  transfer  to  industry,  we  intend 

to  identify  a  company  in  the  next  few  months. 

4)  Via  etching  technology  -  Earlier  we  described  the  transfer  of  this  technology  to  Hughes, 
Malibu.  Their  interest  has  been  in  developing  a  technique  for  etching  high  aspect  ratio  through  wafer 
vias  for  use  in  high  speed  microwave  circuits. 


VI.  Interactions  with  DoD  Technology 

Interactions  of  Professor  Osgood  and  his  group  with  DOD  related  technical  efforts  included; 
(A)  Professor  Osgood  serves  on  the  steering  committee  of  the  ARP  A  Defense  Sciences  Research 
Council,  where  he  served  as  a  major  organizer  of  a  Workshop  on  Optical  Lithography  (a  comparative 
analysis  of  advanced  optical  techniques  for  UV  lithography)  and  a  Workshop  on  Manufacturing  of 
Critical  Optoelectronics;  (B)  extensive  discussions  with  Antonio  Sanchez  and  Dick  Williamson  at 
MIT  Lincoln  Laboratory  on  integrated  optic  and  laser  applications;  (C)  collaboration  with  Dr.  Ken 
Jones  and  his  group  at  Fort  Monmouth  on  low  damage  advanced  etching  technology  for  ultra  small 
devices;  (D)  extensive  and  continuing  DoD-sponsored  technical  interactions  with  Erich  Ippen,  Cliff 
Fonstad,  Bill  Steier,  and  Herman  Haus  at  MIT  and  USC  on  solid-state  physics,  laser-surface 
interactions,  and  integrated  optics;  and  (E)  Prof  Osgood  serves  on  the  Advisory  Board  for  LANL 


43 


Division  on  Chemical  Science  and  Technology.  This  Division  at  Los  Alamos  has  several  significant 
ARDEC  and  other  DoD  Programs. 
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